The Schiff base axial macrobicyclic ligand L 1 forms 4f-4f and 4f-3d cryptates with formula [Gd 2 (L 1 Ϫ 3H)(
Introduction
Lanthanide coordination compounds 1 are the subject of intense research efforts due to their applications as contrast agents for NMR imaging, 2,3 as catalysts in RNA hydrolysis, 4 as active agents in cancer radiotherapy, 5 or as luminescent stains for protein labelling and sensitive homogeneous immunoassays. 6 In recent years, an increasing interest has been devoted to the magnetic properties of dinuclear compounds 7 featuring simultaneously either 4f and 3d ions, 8-11 identical 4f ions 12-16 or even two different lanthanide (4f-4fЈ) ions, 17 since they can serve as models or precursors for novel magnetic materials, e.g. high-temperature superconducting ceramics. The simplicity of the magnetic properties of the Gd() ion facilitates examination of the 4f-3d and 4f-4f magnetic interactions in discrete dinuclear complexes. Magnetic interactions between a transition metal ion and Gd() are often found to be weakly ferromagnetic, with J values typically smaller than 10 cm Ϫ1 , while they are usually weakly antiferromagnetic in Gd()-Gd() compounds. However, in a recent paper Costes et al. 10 demonstrated that antiferromagnetic interactions may also † Electronic supplementary information (ESI) available: tables of selected bond angles for cryptates 1-5. See http://www.rsc.org/ suppdata/dt/b2/b206615g/ occur between the Cu()/Gd() couple. In a subsequent work, 12 the same authors have also found a ferromagnetic Gd()-Gd() interaction. It should be noted that the number of di-and poly-nuclear Gd() compounds for which structural and magnetic data are available is restricted and that the factors governing the Gd ؒ ؒ ؒ Gd interaction have not been clarified. Therefore, to better understand the magnetic interactions between Cu()/Gd() and Gd()/Gd() couples the magnetic properties of new structurally characterized Gd-Gd or Gd-Cu compounds should be investigated.
Monometallic cryptates with L 1 and L 3 (Scheme 1) have been obtained for Ln = Sc, Y, Gd, Eu, Tb and Dy by transmetallation of the sodium derivatives. 18 In subsequent works, we have shown that the 1 : 1 cryptates [LnL ). 27 Although we also report here a ferromagnetic coupling for 3, its magnitude is considerably larger as a consequence of small structural differences that drastically affect the magnetic properties in this family of compounds.
Experimental

Physicochemical measurements
Elemental analyses were carried out on a Carlo Erba 1180 elemental analyser and FAB mass spectra were recorded on a FISONS QUATRO mass spectrometer with a Cs ion-gun using 3-nitrobenzyl alcohol as matrix. IR-spectra were recorded, as KBr discs, using a Bruker Vector 22 spectrophotometer. EPR measurements were performed on a Bruker EMX spectrometer operating at the X-band and fitted with an Oxford Instrument liquid-helium flow cryostat. The EPR experiments were performed using either powdered samples or 1 mM solutions of the cryptates dissolved in acetonitrile. EPR simulations were performed with the program WIN-EPR SimFonia V.1.2 from Bruker Instruments, Inc. Magnetic susceptibility measurements (1.9-298 K) were made on a MPMS5 SQUID susceptometer from Quantum Design Inc. operating at a magnetic field strength of 1 kOe. Corrections for diamagnetism were made using Pascal constants. 28 The samples were prepared under a controlled atmosphere in a glove-box. 
Syntheses and characterisation
X-Ray crystal structure determinations
Three dimensional X-ray data were collected on Siemens Smart 1000 CCD (1, 3, 4 and 5) or Bruker Smart 1000 CCD instruments (2) . Complex scattering factors were taken from the program package SHELXTL.
29 For 1, the absolute configuration has been established by refinement of the enantiomorph polarity parameter [x = Ϫ0.02(2)]. 30 The structure of 1 and 2 present disorders of the ionic nitrates. These disorders have been resolved and several atomic sites have been observed and refined with anisotropic atomic displacement parameters. The site occupancy factors for N(11A), O(10A), O(11A) and O(12A) were 0.44440 for 1 and 0.62084 for 2. Crystal data and details on data collection and refinement are summarised in Table 1. CCDC reference numbers 189517-189521. See http://www.rsc.org/suppdata/dt/b2/b206615g/ for crystallograhic data in CIF or other electronic format.
Results and discussion
Structural characterisation of the cryptates in the solid state
The X-ray crystal structures of these binuclear cryptates confirm the presence of both metal ions encapsulated into the macrobicyclic cavity. The crystals of 1 and
ϩ cations (Ln = Gd, Tb) and an independent nitrate anion, whereas crystals of 3, 4 and 5 consist of the cations [LnM(L 1 Ϫ 3H)(NO 3 )] ϩ (Ln/M = Gd/Cu, Lu/Cu, Gd/ Zn) and one well separated nitrate anion. All the crystal lattices also contain solvent and/or water molecules. Bond lengths are summarised in Tables 2 and 3. Tables S1, S2 and S3 (ESI) list 
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; each lanthanide() ion is co-ordinated by the three phenolate oxygen atoms, three imine nitrogen atoms and one bridgehead nitrogen atom, as well as one nitrate group in a bidentate fashion.
Figs. 2 and 3 display a view of complexes [LnM(
ϩ (Ln/M = Gd/Cu, Lu/Cu, Gd/Zn); when one of the lanthanide() ions present in 1 and 2 is replaced by a d-block metal ion, Cu() or Zn(), the coordination environment around the Ln() ion does not change significantly, except for the fact that one nitrate anion coordinates now in a monodentate fashion. The d-block metal ion is hexacoordinated being only bound to the three µ-phenolate oxygen atoms and 
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In the homobinuclear Ln-Ln cryptates, the Ln (2) 4), and 1.5059 (3), 1.5265 (4) and 1.5883 Å (5) above the plane defined by the three µ-phenolate oxygen atoms. In the five cryptates, the bond distance between the corresponding Ln() ion and the bridgehead nitrogen atom is considerably longer than those between the Ln() ion and the imino-nitrogen atoms, pointing to a weak interaction between the amine nitrogen atom and the lanthanide ions. As previously observed for the Dy()-Dy() analogue, 22 the coordination polyhedron around each metal ion in 1 and 2 can be best described as a monocapped distorted dodecahedron, where an oxygen atom of the bidentate nitrate group occupies the capping position. However, the Ln() ion in 3, 4 and 5 is eight coordinate, and the coordination polyhedron around the metal ion can be best described as a distorted dodecahedron. The coordination polyhedron around the Cu() or Zn() ions in 3, 4 and 5 can be depicted as a severely distorted octahedron. The two triangular faces defined by the three phenolate oxygen atoms (O(4), O(5) and O(6)) and by the three imine nitrogen atoms (N(2), N (3) and N(4)) maintain a nearly parallel arrangement, with angles of 4.7 (3), 4.5 (4) and 3.1Њ (5); the mean twist angles between these triangular faces amount to 43.9 (3), 43.2 (4) and 40.7Њ (5), indicating an important distortion of the polyhedron from an octahedron (ideal value 60Њ) toward a trigonal prism (ideal value 0Њ), in agreement with the EPR data (vide infra). This distorted polyhedron shares the triangular face described by the three phenolate oxygen atoms with the polyhedron around the Ln() ion (Fig. 4) .
In our cryptates the anionic macrobicyclic receptor (
3Ϫ adopts a sss endo-endo conformation, with the nitrogen atoms of the imine bonds pointing at the same side of the aromatic ring in the three chains and the N(1) and N(8) lone pairs directed towards the central cavity. 22 The receptor (L 1 Ϫ 3H)
3Ϫ
is twisted around the N(1)-N(8) axis in the five cryptates generating triple helical structures that, in turn, induce structural chirality in this family of compounds, as we previously described. 26 The cavity of the cryptand may be viewed as a trigonal antiprism defined by the six azomethine nitrogen atoms. The upper and lower triangular faces of the antiprism are connected by the three N᎐ ᎐ CH-R-CH᎐ ᎐ N (R = 1,3-(2-OH-5-Me-C 6 H 2 )) units (see Fig. 5 ), generating two possible helical In the following, we will use the notations δЈ and λЈ for the two enantiomeric forms of the five membered pseudo-chelate rings when the metal ion is Cu() or Zn(). Therefore, the conformation of the chelate rings in 3, 4 and 5 can be described as (δδλ) 5 (δЈδЈδЈ) 5 or (λλδ) 5 (λЈλЈλЈ) 5 . Inspection of the crystal structure data reveals that in 3, 4 and 5 two Λ(δδλ) 5 (δЈδЈδЈ) 5 and ∆(λλδ) 5 (λЈλЈλЈ) 5 enantiomers co-crystallize in equal amounts (racemate). Compound 2 also crystallises as a racemic mixture of enantiomers Λ(δδλ) 5 (δδλ) 5 (or ∆(λλδ) 5 (λλδ) 5 ). However, compound 1 crystallises in a chiral space group, and only one ∆(λλδ) 5 (λλδ) 5 enantiomer is found in the X-ray structure. This (λλδ) 5 or (δδλ) 5 "conformational mixture" is probably induced by the presence, in the solid state, of a relatively bulky nitrate anion between two chains of the ligand inducing an energetically less favourable symmetric (λλλ) 5 (or (δδδ) 5 ) conformation compared with the asymmetric (λλδ) 5 (or (δδλ) 5 ) one.
To determine the degree of torsion of the helix around the pseudo C 3 axis, as well as its degree of distortion from C 3 symmetry, we have performed a geometric analysis of the trigonal antiprism based on the determination of three angles, , θ i , and ω i (Fig. 5) .
26, 31 The average bending of the helical structure is measured by the angle between the sum vectors R 1 and R 2 (R 1 = Σ j C Ϫ N( j ), j = 2, 3 and 4; R 2 = Σ j C Ϫ N( j ), j = 5, 6 and 7;
= 180Њ for an ideal C 3 symmetry and C is a centroid placed in the axis containing both metal ions at an equal distance from each of them). The angles θ i reflect the flattening of the helical structure along the pseudo-C 3 axis, defined as R 2 Ϫ R 1 . Finally, the angles ω i show how much the helix twists along the pseudo-C 3 axis. In the five helical structures, the angles do not deviate much from the expected value of 180Њ for a symmetrical helix, indicating a small bending of the triple helix along the pseudo-C 3 axis (Table 4 ). The flattening of the helix along the pseudo-C 3 axis is very similar for the five cryptates, in spite of the larger ionic radius of Gd() and Lu() compared to those of Cu() and Zn(). The analysis of the angles ω i show that the individual values do deviate significantly from the mean value, reflecting an important distortion of the helices. This distortion is more important for cryptates 1 and 2, which is also reflected in the large α angles between the upper and lower facial planes described by the imine nitrogen atoms in these structures ( Table  4) . The helical structure is on average slightly more twisted in compounds 3 and 4 than in 1 and 2 and 5 (Table 4) .
Magnetic properties
Magnetic properties of 1 and 2. The magnetic behaviour of compound 1 is represented in Fig. 6 in the form of the thermal dependence of the χ M T product. At 100 K, χ M T is equal to 15.9 cm 3 K mol Ϫ1 , which corresponds closely to the value expected for two non-interacting gadolinium ions (15.8 cm 3 K mol Ϫ1 ). On lowering the temperature χ M T decreases reaching a value of 7.42 cm 3 K mol Ϫ1 at 1.88 K. The resulting profile is indicative of an antiferromagnetic interaction. A quantitative analysis can be performed on the basis of a spin only expression derived from the isotropic spin Hamiltonian H = ϪJS Gd1 ؒS Gd2 with quantum numbers S Gd1 = S Gd2 = 7/2 (eqn. (1)):
with
The best fit of the experimental data is obtained for J = Ϫ0.194(6), g =2.023(5) and R = 8.0 × 10
2 where χ calc and χ obs denote the calculated and observed molar magnetic susceptibilities, respectively). The antiferromagnetic nature of the interacting Gd() ions in 1 is consistent with those reported for other systems, for which J values varying from Ϫ0.045 to Ϫ0.211 cm Ϫ1 have been reported by using the isotropic spin Hamiltonian H = ϪJS Gd1 S Gd2 .
17,32-36
The value observed for 1 is one of the largest ones reported so far. However, a correlation between the (1) (Fig. 6) , reaching a value of 9.6 cm 3 K mol Ϫ1 at 1.9 K. This decrease in χ M T could arise from a selective depopulation of excited crystal field states. Unfortunately, a quantitative analysis of the magnetic behaviour of 3 in order to determine whether or not a magnetic interaction takes place between the two Tb() ions is presently out of reach.
Magnetic properties of 3 and 4.
As the Lu() ion is diamagnetic, compound 4 presents the expected magnetic behaviour for an isolated Cu() compound. The plot of χ M vs. 1/T follows the Curie law (g Cu = 2.160(3), R 2 > 0.9999) and χ M T remains constant and equal to 0.37 cm 3 K mol Ϫ1 (within experimental error) in the temperature range 298-1.92 K. This is not the case for 3, whose temperature dependence of the magnetic susceptibility is shown in Fig. 7 under the χ M T vs. T form. At 280.1 K, χ M T is 8.08 cm 3 K mol Ϫ1 , which is close to the spin-only value calculated assuming that there is no magnetic interaction between Cu() (S Cu = 1/2) and Gd() (S Gd = 7/2). Lowering the temperature causes χ M T to increase, reaching a value of 9.8 cm 3 K mol Ϫ1 at 2.2 K. A quantitative analysis can be performed on the basis of a spin-only expression derived from a spin Hamiltonian H = ϪJS Cu ؒS Gd . Keeping under consideration that the two low-lying levels E (4) = 0 and and E (3) = 4J may have different g-values, g 4 = Ϫ5 . Thus, a ferromagnetic spin-spin interaction between Cu() and Gd() appears to operate in 3. A similar behaviour was observed for Gd-Cu compounds having (CuO 2 Gd) bridging networks, the two oxygen donors being identical and afforded by either phenolato, acetonato or acetato groups. 37 While our work was in progress, a weaker ferromagnetic interaction (J = 0.68 cm Ϫ1 , g Cu = g Gd = 1.99 and R = 6.3 × 10 Ϫ4 ) was reported by Luo et al.
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for a similar Gd(
However, the g Cu value that we report here for 3 (g Cu = 1.93 (4)) is substantially lower than the one reported by Luo et al. (g Cu = 1.99). In order to check if these different g Cu values affect the calculated J we have fitted our experimental data by fixing g Cu = g Gd = 1.99, obtaining J = 1.85 cm Ϫ1 . These data appear to confirm a substantially enhanced ferromagnetic interaction in 3 compared to [GdCu(L 2 Ϫ 3H)(DMF)](ClO 4 ) 2 ؒMeCN. The stabilisation of the S = 4 state in these systems has been attributed to the coupling between the Gd()-Cu() ground configuration and the Gd()-Cu() excited configuration in which an electron has been transferred from the singly occupied 3d copper orbital to an empty 5d gadolinium orbital. 38 In such a mechanism, J is given by eqn. (4): where β 5d-3d is the transfer integral involving the singly-occupied copper orbital and a 5d gadolinium orbital, ∆ is the energy gap between S = 3 and S = 4 excited states arising from the 4f 7 5d
1 electron-transfer configuration, and U is the energy cost of such a transfer. The summation applies for the five 5d orbitals. It has been observed that the bending of the bridging network in compounds having (CuO 2 Gd) cores results in a depressed magnetic interaction, which has been attributed to a decrease of the β 5d-3d integrals. Recently, a correlation between the absolute value of the ferromagnetic coupling constant J and the dihedral angle c has been proposed for compounds having (CuO 2 Gd) cores (eqn. (5)):
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with A = 11.5, B = Ϫ0.054, |J | in cm Ϫ1 , and c in degrees. From the X-ray crystal structure of 3 we find dihedral angles c of 36.1, 60.4 and 55.2Њ (calculated as the angle between a plane formed by two bridging oxygen atoms and the Cu() ion and that defined by the same two oxygen atoms and the Gd() ion). 
These data clearly explain the weak magnetic interaction found in 3, and much stronger ferromagnetic interactions were found for compounds with smaller dihedral angles. ؒMeCN and 3 can be attributed to the presence in the latter of a relatively bulky nitrate anion coordinated to the Gd() ion, which induces a more important distortion of the helical structure and, consequently, a decrease in one of the c angles. This opens new prespectives for the preparation of Gd()-Cu() compounds with more effective magnetic interactions, e.g. the replacement of the nitrate by a more bulky mono-or bi-dentate anion could result in a stronger distortion of the structure.
EPR properties
Compound 4. Fig. 8A shows the EPR spectrum for a polycrystalline sample of 4, which arises exclusively from the Cu() ion since Lu() is diamagnetic. The solution spectrum of 4 (not shown) is essentially identical to that observed in the solid state indicating that the structure of the metallic cluster is retained in solution.
The spectrum shown in Fig. 8A is a typical axial spectrum as observed in most Cu() ion complexes having square planar coordination. Simulation of this spectrum assuming axial (100 G), and g ⊥ = 2.11 (160 G) (linewidth in parentheses). The quadruple hyperfine splitting due to the Cu() nucleus (I = 3/2) is seen at g | | , but no hyperfine structure is resolved at g ⊥ . On the other hand, as shown in Fig. 8A , the spectrum can be simulated assuming three different g-values (g 1 = 2.08, g 2 = 2.16, and g 3 = 2.35). The EPR parameters obtained assuming axial symmetry are unusual for Cu() ion compounds having square planar coordination and do not reflect the symmetry of the coordination site in 4. Therefore, we favour the second set of EPR parameters to be more appropriate to explain the electronic properties of the Cu() ions in 4 since the crystal data shows a highly distorted Cu() ion site, with a coordination polyhedron which can be defined as a highly distorted octahedron toward a trigonal prism, as described above. However, the deviation of the g-values from axial symmetry is not so pronounced, suggesting that the main contribution to the Cu() ground state should be given by the d x 2 Ϫ y 2 orbital. 41 Evaluation of both g-and A-tensors in single crystal samples is necessary to elucidate this point. The fact that compound 4 shows resolved hyperfine structure indicates that exchange interactions among Cu() ions are negligible. This is in line with the magnetic behaviour of this compound, which follows the Curie law. Resolved hyperfine structure is usually observed only in frozen solution samples or powdered samples of Cu() compounds diluted in a diamagnetic matrix, where the magnetic interactions among copper centres are negligible. This does not happen in the solid state, where the magnetic interactions may produce broadening, narrowing and/or collapse of the EPR resonances.
39, 40 This means that the intermolecular exchange interaction coupling constant J between Cu() ions, which is responsible for the collapse of the hyperfine structure, is smaller than 10 Ϫ2 cm Ϫ1 (J < A).
Compounds 1, 3 and 5.
Figs. 8B, C, and D show the EPR spectra obtained for polycrystalline samples of compounds 5, 3 and 1, respectively. The spectra in solution are similar to those in the solid state (not shown), with broader resonance lines which likely originate from magnetic interactions among metallic clusters. Therefore, it can be concluded that the structure of the metallic clusters are kept in solution for compounds 3 and 5, as observed for compound 4.
The coordination around the Gd() ion is the same in compounds 3 and 5 (eight-coordination with a monodentate nitrate anion and a coordination polyhedron described as a distorted dodecahedron), and quite similar to that in compound 1 (ninecoordination with a bidentate nitrate anion and a coordination polyhedron described as a distorted monocapped dodecahedron). Since the coordination geometry of the Gd() ions is similar in the three compounds, one should expect similar Gd() EPR signals in all the compounds assuming that the Gd() ions are magnetically isolated in the crystal lattice. However, as seen in Fig. 8 , they are different. For a magnetically uncoupled Gd() ion (4f 7 , S = 7/2), a central line with g ∼ 2 (transition ϩ1/2 ↔ Ϫ1/2) and three lateral lines at both sides of the central line (transitions ±7/2 ↔ ±5/2, ±5/2 ↔ ±3/2, ±3/2 ↔ ±1/2) are expected. 42 In this context, the EPR spectrum of the Gd-Zn cryptate 5 (Fig. 8B) , would arise solely from the Gd() ion since Zn() is diamagnetic: a single broad central line is observed, which is not centered at g = 2.00. The extra lines observed on both sides of the central line, which are not six as expected, may be attributed to the zero field splitting resonances. Therefore, the differences observed among the spectra may be associated either with the presence of the second metal ion in the cluster, Cu() in 3 and Gd() in 1, or intercluster interactions (less likely). 43 Unfortunately, the complexity of the spectra shown in Figs. 8B, C, and D prevents a simple analysis. Additional work, such as single crystal EPR measurements, might help to understand the EPR properties of these compounds.
Conclusions
The anionic azacryptand (L 1 Ϫ 3H) 3Ϫ is able to form bimetallic cryptates with either two Ln() ions or one Ln() ion and one Cu() or Zn() ion. The X-ray crystal structures of the bimetallic cryptates show that the ligand is hellically wrapped around both metal ions. ϩ (Ln = Gd, Lu) it can be described as Λ(δδλ) 5 -(δЈδЈδЈ) 5 (or ∆(λλδ) 5 (λЈλЈλЈ) 5 ). The magnetic behaviour of the homodinuclear (Gd, Gd) and the heterobinuclear (Gd, Cu) cryptates reveals the capability of the ligand to induce a significant magnetic interaction between the two metal ions. A quantitative analysis can be performed on the basis of a spinonly expression derived from the isotropic spin Hamiltonian H = ϪJS Gd1 S Gd2 (1) and H = ϪJS Cu S Gd (3) . This magnetic interaction is antiferromagnetic in the case of the Gd-Gd cryptate, but ferromagnetic for the Gd-Cu one. The antiferromagnetic coupling observed for 1 is one of the largest ever reported. Although weak, the ferromagnetic coupling found in 3 is considerably stronger than the one reported for [GdCu(L 2 Ϫ 3H)(DMF)] (ClO 4 ) 2 ؒMeCN. 27 Analysis of the magnetic and structural data of these cryptates indicates that the bending of the bridging network, an essential feature directing the magnetic interaction, could be controlled by, for instance, substitution of the nitrate anion by a more bulky mono-or bidentate ligand. This opens new prespectives for the design of Gd()-Cu() compounds with more effective magnetic interactions. Finally, in spite of the similar coordination environment of the Gd() ion in compounds 1, 3 and 5, their EPR spectra are different, thereby suggesting that the changes are provoked by magnetic interactions between the Gd() ion and the Cu() ion in 3 and the other Gd() ion in 1.
